This paper presents results given by a waste heat recovery (WHR) system applied to a highperformance video card, as well as average energy generated per hour according to emulation of computer graphics requirements demanded by the user while the card is working. A WHR system includes three phases:
I. INTRODUCTION
The increasing demand for electricity around the world has diversified the generation technologies in their primary sources, to permit coverage of the projected worldwide demand according to World Energy Outlook 2015. According to the new policies scenario, global primary energy demand will increase by nearly one-third between 2013 and 2040 to reach 17 900 Mtoe [1] in a sustainable way. This electrical energy demand projection includes not only fossil fuel usage but also renewable and clean sources.
This work found waste heat generation sources in a highperformance video card, according to a framework for energy recovery assessment [2] , mainly in the GPU process and DDR3 memories while they are working to collect the heat The associate editor coordinating the review of this manuscript and approving it for publication was Javed Iqbal . waste and generate electrical power; then, the energy can be used to recharge batteries or supply energy to low power electronic devices.
The current technologies and applications for lowtemperature waste heat recovery [3] have been analyzed from two perspectives: the local waste heat recovery technology and global optimization of the energy flow network, where the main problems to face are: first, lack of global optimization methodology; second, distributed waste heat recovery is not feasible yet, due to high costs; third, the mismatches between the waste heat supply and demand [4] .
One important tool related to certain waste heat recovery systems is the thermoelectric generator (TEG), used as a device to generate clean-energy [5] - [7] . Some studies show that a new model of a compact thermoelectric generator has been developed to improve the electric performance per unit volume and maximize the energy conversion efficiency [8] .
Additionally, material properties and thermal losses, which occur as conductive heat transfer, have been analyzed by a mathematical model to better understand the temperaturedependent performance of a thermoelectric generator, and some effects of its use [9] . In addition, a strong correlation between the thermoelectric generator (TEG) performance and system mass was concluded on the basis of the multiobjective optimization results of a thermoelectric (TE) device [10] . Further, a power processing architecture standpoint reveals the recovery of thermal energy waste by means of thermoelectric modules and arrays [11] .
Experimental studies regarding thermal power generation conducted with thermoelectric modules (TEM) at various operating conditions [12] have also used constant flow heat in a specific period of time; the test system is just programmed to change the volumetric and temperature flow rates as independent experiments, but the inflows to the thermoelectric modules remain constant and do not oscillate as a function of time within each experiment [13] . The heat-flow of a video card oscillates according to the graphic's requirements of the application used.
On the other hand, there have also been experimental studies focused on the application of thermoelectric modules for power generation, using the waste heat generated from a central processing unit (CPU) [14] of a desktop computer, under certain conditions or processing requirements, derives from users' needs like different computer applications. This test system involves additional equipment as a cooling system that includes a miniature water pump and water holding tank, to be used in one side of the thermoelectric module to increase T [15] .
The research on the waste heat usage from a waste heat source was also studied integrating the non-uniformity of the surface temperature distribution [16] . Furthermore, an experimental and numerical study was carried out on waste heat collection at low temperature with 24 thermoelectric generators (TEGs) to convert heat from the exhaust pipe of a car into electrical power [17] .
The continuous search for alternative energy sources for several applications has seen achievements in the health area, in which a pacemaker has as a power source, an energy harvester based on the use of thermoelectric energy as a primary source, when the circuit is enabled to start up from input voltages as low as 60mV. The maximum deliverable power load from the energy harvester is 130µW. Indeed, the circuit was designed in such a way that overload conditions are tolerated [18] .
One of the great research effort concerning the use of a thermoelectric system as an application reference for waste heat recovery has been in the Internet of Things (IoT) [19] , [20] , where wireless sensor networks (WSNs) are generally powered by some batteries with limited energy. The temperature is one of the critical parameters being monitored in industrial processes. Industrial plants have lots of hot pipelines, equipment or walls can function as a thermal energy source; for example, a waste heat recovery system that functions as a thermal energy harvesting wireless sensor network (WSN) node for temperature monitoring in IoT was implemented, where the WSN node can work autonomously and monitor the temperature of the industrial equipment, contributing to the partial resolution of the batteries' limited energy [21] .
In the transportation sector, there exist several applications mainly because a considerable part of the fuel energy in vehicles never reaches the wheels and converts entirely to waste heat. A waste heat recovery system applied to solving this problem reported that the maximum recovered electrical power from the thermoelectric generators (TEGs) reached 1 kW, which was transmitted to the electrical system of the heavy duty vehicle [22] .
The main objectives of this work are as follows: first, the maximum generation of electrical power, given the waste heat generated by the GPU and the working DDR3 memories of a high-performance video card which are directly related to the demand for graphics processing by the user. This objective is pursued through a thermoelectric array using thermoelectric generators (TEGs) according to the most appropriate potential thermal locations in the video card. For this work, the video card thermal process was emulated.
In this paper, three phases are considered, first: waste heat collection, second: conversion of thermal power into electrical power, and third: signal conditioning to charging low power electronic devices.
II. THERMOELECTRIC TECHNOLOGY OVERVIEW
Thermoelectric generators (TEGs) are solid-state energy converter devices or semiconductor systems that rely on a phenomenon called the Seebeck effect [23] - [25] , which converts heat directly into electrical power through temperature differences between its two ceramic plates for recovering waste heat, also called Seebeck generators.
Thermoelectric devices contain thermoelectric couples ntype and p-type semiconductor materials, such as suitably doped bismuth telluride, arranged as shown in Fig.1 . Bismuth telluride (Bi 2 Te 3 ), has been extensively used in the construction of thermoelectric modules and it is the best material for use in thermoelectric generators when the temperature of the heat source is moderate [26] . Thus, bismuth telluride material is constantly studied to improve its performance, due to its potential utility in power generation [27] . The thermoelectric elements are wired electrically in series and thermally in parallel.
The open circuit voltage (V 0 ) of a thermoelectric generator is proportional to the temperature difference across the thermoelectric generator, and is given by [28] :
where N is the number of semiconductor thermoelements, α pn is the Seebeck coefficient of the thermocouple, and T is the temperature difference across the thermocouples in a TEG. Also α pn is defined as below:
(2) VOLUME 8, 2020 where α p and α n are the Seebeck coefficients of p-type and n-type semiconductor, respectively; thus, T TEG is given by:
K is the thermal conductivity of the ceramic plate, T m = (T h + T c )/2 is the mean temperature, where K in is the thermal conductance. The external temperature difference across the thermoelectric generator can be expressed as follows:
The electrical equivalent circuit of a TEG with a load R L is shown in Fig.2 . When a load R L is connected to the TEG, the output voltage V L that arises across that load R L , V L , is less than V 0 and is a function of the load resistance R L and the internal resistance R int of the TEG. The output power P L generated by a TEG to the load R L may be calculated as [21] :
where R int is the internal resistance of the TEG. The maximum output power is delivered to an electrical load when that load is chosen to match the internal resistance of the TEG (R L = R int ) as follows:
To maximize the power-generation efficiency of the TEG, the temperature differential between the hot and cold sides should be as large as possible.
III. WASTE HEAT RECOVERY SYSTEM ANALYSIS
The electronic components that generate more waste heat than others are the GPU and the DDR3 memories (2 blocks). Fig.3 shows the thermal flux generated by these electronic components, which is considered, as thermal power (P th ). Thus, the sum of the thermal powers of a certain block of memories, or GPU results in the total thermal power generated by each component while it is working, as follows:
where P th1 = GPU thermal power generation, P th2 = DDR3 memories(1) thermal power generation and P th3 = DDR3 memories(2) thermal power generation. To improve the heat distribution on the ceramic plate corresponding to T h side of the TEG, and improve the waste heat collection, an aluminium plate was added, according to the dimensions of each component, the thermal conductivity of which is 220W /mK given a room temperature of 300K [29] .
Heat transfer by conduction takes place across the interface between two material bodies in contact when at different temperatures, from regions of high temperature to regions of low temperature [30] . Heat flux from the surface of each electronic component (GPU and DDR3 memories blocks) to the surface of each aluminium plate, is shown in Fig.4 . Heat flux for a one-dimensional steady system may be calculated as:Q = λA
whereQ is the amount of heat transferred per unit area per unit time through the plate, λ is the thermal conductivity of the material of the plate, x is the plate thickness, A is the surface area of the plate, T 1 is the temperature of the surface of an electronic component(GPU and DDR3 memories), and T 2 is the temperature of the surface of the plate. Therefore, the equation that defines T 2 is:
Thus, T 2 corresponds to the highest external temperature (T h ) between the two ceramic plates of the TEG:
Combining equations (5)- (12) and substituting T h in order to calculate the output power P L generated by a TEG to the load R L : (14) Summing each output power P L(i) generated by TEG to the load R L :
Combining equations (6)-(12) and substituting T h , the maximum output power P Lmax can be expressed as:
Summing each maximum output power P Lmax(i) to calculate the total maximum output power of the system:
The total maximum output power depicts the potential quantity per unit time (energy recovered [Er]) that would be obtained by the waste heat recovery system ideally.
IV. EXPERIMENT METHODOLOGY A. EMULATION OF THE HIGH-PERFORMANCE VIDEO CARD
The reference video card used for this work is an MSI R4850, shown in Fig.5 . The temperature range within which the video card works efficiently, i.e., within which the heat does not affect, diminish the performance or cause any damage to the microprocessor, DDR3 memories or other electronic components of the video card is (60 • C -90 • C) according to data provided by the manufacturer. According to the thermovision image shown in Fig.6 , the video card components that generate the highest waste heat, due to graphics processing demanded by the user, are the graphics processing unit (GPU) and the DDR3 memories (two blocks). Red and white spots in the thermovision image depict these electronic components, generating the highest waste heat, while the video card is working. Once the video card electronic components that generate significant waste heat have been determined, the temperature data of each electronic component are acquired as a function of time. These data represent a very important input to configure the energy conversion system, because it is highly necessary to know the thermal behavior of the main electronics components that will be emulated through electrical resistors. Fig.7 shows the temperature data correlation graph between the GPU and DDR3 memories when they start working, which have a strong linear association. Thus, according to the results of data acquisition, DDR3 memory blocks temperature is established up to 60 • C, and GPU temperature is established up to 90 • C. However, the increased temperature between GPU and DDR3 memories has a different velocity ratio. 
B. TEST SYSTEM FOR WASTE HEAT RECOVERY
Geometric parameters of experimental setup (video card components and waste heat recovery system) are shown in Fig.8(a) and (b) respectively.
The WHR system consists of: (1) Waste heat collector: a thermal sheet, aluminium plate and thermal insulating materials, (2) Energy conversion: TEGs array (5 TEGs) with the standard heat sink and an electronic fan, (3) Signal conditioning: Boost DC-DC converter to 5V . Energy conversion from thermal power into electrical power is based on the temperature range (60 • C -90 • C) determined previously, to determine the implementation of the thermoelectric array, five commercial thermoelectric generator modules TXL-127-03L from TXL Group were distributed in three blocks: the first is of 30*30mm, with just 1 TEG, which power input is the waste heat from GPU within a range of T between (0 -60 • C); the second one consists of a pair of TEGs of 30*30mm each, and receives power input from the waste heat of the first block of DDR3 memories within a range of T between (0 -30 • C); finally, the third one is a group of 2 TEGs of 30*30mm each, which corresponds to the second block of DDR3 memories within the same range of the first DDR3 memory block. As a result of this arrangement, the thermoelectric generator modules work in different operating conditions for temperature. The temperature of the thermal behavior emulation of the graphics processor unit and DDR3 memories has been measured, using LM35 temperature sensors, under steady state conditions when the computer is turned on, until a screensaver application is running, within range of temperature mentioned previously for a one hour working standard by the user. The 'cold' side of a module is normally the side of the module attached to the heat sink, and the 'hot' side of the module is the side attached to the aluminium plate which is the waste heat collector.
The TEGs array is configured electrically in series as shown in Fig.9 , which includes a general-purpose diode of germanium that it is hooked up to one TEG module of the arrangement as a protection element against backflows, as well as low voltage consumption, besides a capacitor to keep a constant current flow. The hardware and materials of the WHR system consist of a personal computer running Matlab as data acquisition software and data logging unit, Arduino MEGA 2560 (microcontroller and electronic platform) as data acquisition card, LM35 temperature sensors, voltage sensors, aluminium plate, thermal sheet, thermal insulating material, five commercial TEG modules, TXL-127-03L from TXL Group in TEGs array, heat sink, standard electronic fan, and electric resistors with voltage controllers to emulate the thermal behavior of the video card (i.e., the temperature range of the electrical resistors that emulate GPU 60 • C -90 • C) and the temperature range of the electrical resistors that emulate DDR3 memory blocks 30 • -60 • C. A schematic diagram of the WHR system test is shown in Fig.10 . The test system that includes a DC-DC boost converter to 5V is shown in Fig. 11 .
The voltage measured in the load resistor is recorded by the Matlab data acquisition system. An LM35 sensor measures the temperature of the standard heat sink, which is at approximately the same temperature as the cold side of the thermoelectric module, and the temperature of each electrical resistor, which emulates the thermal behavior of the electronic components at approximately the same temperature as the hot side of the thermoelectric module.
A set of experiments were undertaken using the experimental setup, with and without a DC-DC boost converter, as shown in Fig.12 , and have also been conducted to determine maximum energy recovery from waste heat in the computer system for a one hour working standard by the user, just considering the video card hardware in both cases.
V. RESULTS AND DISCUSSION

A. POWER CURVE OF WASTE HEAT RECOVERED
The TEGs array's positive and negative terminals are connected to a variable load resistor (R L ), Which has been chosen to ensure the occurrence of maximum power transfer, while the emulation of the video card is operating within the same range of T defined previously for the WHR system; data were thus acquired and recorded. According to these results, the load resistor to the first setup is established as (R L ) = 40 without DC-DC converter, a plot of the power output as a function of the maximum possible power, given the aforementioned conditions, which can be delivered to a load without DC-DC converter is shown in Fig.13 . Finally, the last setup is established as (R L ) = 1k as load resistor value with DC-DC converter. 
B. ENERGY RECOVERED
For the first experiment set up, the parameters of the WHR system to convert the thermal power into electrical are measured and given in Table 1 , where T 0 is the temperature of the standard heat sink, which is given as room temperature, T 1 is the temperature emulated of GPU, T 2 is the temperature emulated of DDR3 memories(1), T 3 is the temperature emulated of DDR3 memories(2), and V OUT , I OUT and P OUT are the variables measured of the WHR system.
These parameters consider different temperature levels among electronic components that generate waste heat, due to the thermal behavior of these components which oscillate and are not constant values.
Least-squares data fitting method was used as a curvefitting to obtain the best fit for the series of experimental data points [31] .
The measurement data per main electronic component(GPU and DDR3 memories) is shown in the graphs 14 -16 (a) and (b), respectively. Energy recovered from each electronic component that generates waste heat of the video card (GPU and DDR3 memories) was calculated with the trapezoidal rule, which works by approximating the region under the graph of the function P(t) as a trapezoid and calculating its area, during the established period (one hour). The power, voltage, and T values as a function of time regarding the emulation of the GPU component, are shown in Fig. 14(a) and (b) respectively. The energy recovered depicts the region under the graph of the function P(t), as is shown in Fig.14(a) , which value is 334Wh. The T range of the emulation of GPU, which was working for an hour, oscillates between (41 • C -60 • C), while the process was stable; the maximum power reached was 99mW, whereas the maximum voltage reached in the same range of T was 1.41V. Regarding DDR3 memories block one, the power, voltage and T values as a function of time, which are related to the emulation of this component are shown in Fig.15(a) and (b) correspondingly. The energy recovered depicts the region under the graph of the function P(t) of this emulation, as is shown in Fig.15(a) , which value is 152Wh. The T range of the emulation of DDR3 memories block one, which was working during the same period, oscillates between (16 • C -33 • C), while the process was stable; the maximum power reached was 47mW, whereas the maximum voltage reached in the same range of T was 0.67V.
The power, voltage, and T values as a function of time, regarding the emulation of DDR3 memories block two, are shown in Fig.16(a) and (b), accordingly. The energy recovered depicts the region under the graph of the function P(t) of the DDR3 memories block two, as is shown in Fig.16(a) , which value is 154Wh. The T range of the emulation of DDR3 memories block two, which was working for an hour, oscillates between (16 • C -35 • C), while the process was stable; the maximum power reached was 51mW, while the maximum voltage reached in the same range of T was 0.72V. The second experiment set up has the objective of determining the energy recovered as a whole system, as well as conditioning the signal to 5V output. The parameters of the WHR system to convert thermal power into electrical are measured and given in Table 2 , considering different levels of temperature among electronic components that generate waste heat according to their function. Where T 0 is the temperature of the standard heat sink, which is considered as room temperature, T 1 is the temperature emulated of GPU, T 2 is the temperature emulated of DDR3 memories(1), T 3 is the temperature emulated of DDR3 memories (2) , and V OUT , I OUT and P OUT are the variables measured of the WHR system to the output of DC-DC boost converter. The voltage and power values as a function of T from the emulation of the whole WHR system with a DC-DC boost converter (5V signal output continuously) are shown in Fig.17(a) and (b) respectively. The energy recovered is represented by the region under the graph of the function P(t) of the whole WHR system, as is shown in Fig. 17 (b) , which value is 89Wh. Fig.17(a) depicts the voltage measured from the TEGs array and output of the DC-DC boost converter, which reached 5V whereas the voltage value is above 0.9V. 
C. ENERGY CONVERSION EFFICIENCY
Summing the energy recovered (Er) measured independently: (2) .
The energy recovered from the WHR system is 640Wh, relative to the total energy recovered, measured as a whole WHR system, which is 229Wh. Taking this data into account, it is possible to obtain the transfer energy efficiency of the WHR system, which is 36%. Based on this information, one of the following steps is to deeply investigate the losses generated in the process of recovered energy transfer, to reduce the gap as much as possible and maximize the transfer power to the load, per unit time (Er).
VI. CONCLUSION
Waste heat energy recovery from emulating a highperformance video card has been established as an alternative to charging low power electronic devices, given that there is No additional energy required for this purpose once it is implemented on the computer. This work is a basis to apply within a computer in the next step, which consists of modifying the devices that emit waste heat to include waste heat recovery systems as a component and improve their energy efficiency. The WHR process will show variations in terms of the quantity of energy recovered across time, mainly due to dependency on the graphics requirements demanded by the user, which gives a bigger or smaller differential of temperature. Results of energy generated from the waste heat recovery system were 229Wh, with an efficiency (η = 36%) considering typical behavior and load resistance R = 40 . Results of energy recovered considering DC boost converter were 89Wh with load resistance R = 1k . The contribution of this work consists of a potential advance in reducing a computer's energy consumption via increasing its energy efficiency with a waste heat recovery system. In addition to charging low power batteries, the energy recovered from the hardware can function as additional input power to the computer fan, input power for some electronic circuits according to their energy consumption, and so forth.
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